In natural ecosystems, relations among different organisms are characterized by a high degree of complexity which makes studies on multispecies systems difficult. For this reason, many investigations focus exclusively on pairwise relationships[@b1][@b2], although the outcomes of these interactions vary and depend on the context[@b3]. For instance, in the classical case of the brood parasitic giant cowbirds (*Scaphidura oryzivora*), where the presence of other parasites, as botflies, may change the cowbird's effect on the host from damaging to beneficial[@b4]. In the amphipod *Gammarus insensibilis* the parasite manipulation is less efficient when the host is infested with both nematodes and trematodes, compared to being exclusively parasitized by trematodes[@b5]. Increase in immune function caused by the presence of the mildly antagonistic ectosymbiont *Laboulbenia formicarum* might boost the survival chances of the host ant *Lasius neglectus* exposed to the lethal entomopathogen fungus *Metarhizium brunneum*[@b6].

Interaction between different organisms could have more complex consequences when social animals, as e.g. ants, are targeted. Changes induced by parasites at the individual level may also be reflected in the social system through the interaction of host individuals. Generally, the structure of social insect colonies, in which many similar individuals live together, makes them attractive for social parasites and various pathogens[@b7][@b8]. This is especially true in the case of ants due to the stability of their colonies and their mostly ground-based nesting habits, which make their colonies accessible to a plethora of organisms. Among these, fungi are the most important antagonists ants must constantly deal with, and they can occur inside the colony either as ectoparasites on the host cuticle, endoparasites, or endosymbionts[@b8][@b9]. Some fungi are even able to manipulate host ant behaviour to increase their own fitness[@b10]. The relationships between the hosts and these fungi often have spectacular outcomes, but as these parasitic species have quite a low prevalence[@b11], their interference with other parasites is hard to study. Certain fungi, like *Rickia wasmannii*[@b9] an ectoparasitic fungus of *Myrmica* ants, however, are common in some populations with up to 50% of colonies infected, and with high within-colony prevalence[@b12]. Therefore, they can serve as easily accessible model organisms to test the effects of parasitic infections both on individuals and societies.

Since one of the main communication channels in ant societies is based on surface chemical compounds, including identification of non-kin conspecifics and nestmates[@b13], the composition of these chemical substances and the ways in which these substances are perceived may be affected by such epicuticular fungus. Nestmate recognition is a dynamic process, largely based on specific cocktails of cuticular hydrocarbons (CHC) covering the surface of all individuals within a society, the primary biological function of which is to prevent desiccation[@b7][@b14]. The template model suggests that each individual uses its own cocktail of CHCs to match against others[@b15]. Social interactions, such as allogrooming, ensure an exchange of these mixtures between nestmates and give rise to a collective CHC *gestalt* odour[@b1][@b15]. The *gestalt* may be relatively homogenous in small monogynous societies, but it may be blurred, to a certain extent, in large polygynous colonies due to higher genetic diversity[@b15] and the higher number of interactions needed to assemble the full colony[@b16]. Consequently, a margin of error is tolerated when a worker assesses the CHC of another ant, resulting in a context-dependent and dynamic threshold of similarity at which individuals distinguish nestmates from strangers[@b1][@b17]. Therefore, it is plausible to assume that epicuticular fungal infection may affect accuracy of recognition systems in ant colonies, especially because its prevalence within infected ant colonies can reach extreme values. In certain colonies almost 100% of workers are parasitized and fungal thalli may cover the entire body of its host[@b12]. Recently, it was demonstrated that the fungus *Rickia wasmannii* not only reduces the lifespan of infected ant workers[@b18][@b19], but also causes subtle changes in the host's behaviour by increasing worker allogrooming frequency, which may enhance parasite transmission[@b19]. As *Myrmica* ants interact with several other invertebrates and host diverse social parasites[@b20], fungus-induced behavioural changes as well as altered nestmate discrimination abilities could shape associations of *Myrmica* ants with other organisms. One example could be the adoption of new queens, since many *Myrmica* ants display facultative polygyny, as a consequence of which foreign queens might be adopted[@b21].

Finally, changes in ant chemical cues become essential in the case of the socially parasitic larvae of *Maculinea* butterflies, which infiltrate the ant colony by breaking the nestmate recognition code[@b22][@b23][@b24]. Various *Maculinea* species use different feeding strategies inside the host colony, preying directly on the ant brood (namely predatory) or being fed by throphallaxis (called cuckoo), and they also exhibit different levels of chemical adaptations to infiltrate and integrate into the ant colony[@b20][@b23][@b25]. During the adoption, cuckoo larvae, as *M. alcon*, are already chemically similar to their host ants[@b22][@b23][@b26], while predatory larvae, such as *M. teleius*, possess a less sophisticated chemical mimicry that they have to compensate for with complex behaviour[@b27].

The above multipartite system, involving distantly related organisms ranging from fungus to ants, is a perfect model for the study of how the presence of one partner could alter the infiltration chances of the others, which in turn potentially has consequences for the fitness of all the interacting entities, and for the society as a whole.

The main aim of our work was to assess the effect of *Rickia wasmannii* infection on *Myrmica scabrinodis* host ant behaviour and interaction with other organisms. Specifically, we investigated the differences between infected and uninfected ants (i) in CHC profiles, while exploring the (ii) genetic and social structure of colonies, and the differences (iii) in kin-discrimination ability towards non-nestmates and unrelated queens, and (iv) in adoption rate of two socially parasitic *Maculinea* species, *M. alcon* and *M. teleius*, having diverse feeding strategies, cuckoo and predatory, respectively.

Results
=======

The effects of fungal infection on the CHC profile of ants
----------------------------------------------------------

*M. scabrinodis* possesses complex CHC blends that include 37 identified hydrocarbons; these are homologous series of linear alkanes, methyl-branched alkanes and linear alkenes between C~21~ and C~31~ ([Table 1](#t1){ref-type="table"}). Both infected and uninfected workers shared the same number of compounds but relative proportions and concentrations changed according to infection and age ([Figs 1](#f1){ref-type="fig"} and [2](#f2){ref-type="fig"}, [Table S1](#S1){ref-type="supplementary-material"}).

### a. Quantitative differences of hydrocarbon composition

We found significant differences in the overall hydrocarbon abundance according to infection status and age of workers (LMM: F~3,63~ = 13.31, p \< 0.001; [Fig. 1](#f1){ref-type="fig"}). A significant reduction was detected in young infected workers compared to uninfected ones, but no difference was found in the case of old individuals ([Fig. 1A](#f1){ref-type="fig"}, [Table S1](#S1){ref-type="supplementary-material"}). Generally, the total abundance was significantly lower for old individuals compared to young ones ([Fig. 1A](#f1){ref-type="fig"}, [Table S1](#S1){ref-type="supplementary-material"}).

When considering the three hydrocarbon classes separately, the infection status did not significantly modify the abundance of linear alkanes (LMM: F~1,63~ = 0.69, p = 0.408), only differences between the two age classes were revealed ([Fig. 1B](#f1){ref-type="fig"}, [Table S1](#S1){ref-type="supplementary-material"}). For methyl-branched alkanes, a significant decrease was detected for individuals coming from infected colonies (LMM infection: F~1,63~ = 5.36, p = 0.024; [Fig. 1C](#f1){ref-type="fig"}), paired with the already observed decrease in old individuals (LMM age: F~1,63~ = 32.84, p \< 0.001). Pairwise comparisons resulted in significant differences only in young workers ([Fig. 1C](#f1){ref-type="fig"}, [Table S1](#S1){ref-type="supplementary-material"}). Abundance of the alkenes was similar to that of the alkanes. It was also not influenced by fungal infection (LMM: F~1,63~ = 1.11, p = 0.297; [Fig. 1D](#f1){ref-type="fig"}), but it was significantly influenced by age (LMM: F~1,63~ = 28.04, p \< 0.001). Pairwise comparisons did not result in any significant differences either in young or in old workers ([Fig. 1D](#f1){ref-type="fig"}, [Table S1](#S1){ref-type="supplementary-material"}).

The relative proportion of linear alkanes ([Fig. 2](#f2){ref-type="fig"}) significantly increased both in the chemical profile of young and old infected workers compared to their uninfected counterparts ([Table S1](#S1){ref-type="supplementary-material"}). However, we detected a decrease of methyl-branched alkanes in the chemical profile of workers with age and infection (LMM: F~3,65~ = 10.66, p \< 0.001) due to significant differences only in old individuals. Differences between age classes irrespective of infection status were also significant. For alkenes, no difference was detected either according to infection status (LMM: F~1,65~ = 0.29, p = 0.596) or age classes (LMM: F~1,65~ = 0.08, p = 0.775).

### b. Principal component analyses of the hydrocarbon composition

When we performed the PCA on the abundances of the CHCs, only the analysis on the alkenes yielded a component which was significantly explained by infection and also by age. In this case, five alkenes showed the highest component loadings ([Fig. 3](#f3){ref-type="fig"}; X,Y-C25:2; X',Y'-C25:2; X,Y-C27:2; X-C27:1; X'-C27:1), and all showed a significant reduction in young infected workers compared to their uninfected counterparts (LMM: t ≤ 3.87, p \< 0.041). In the case of linear alkanes and the methyl-branched alkanes, only age proved to be an explanatory factor ([Table 2](#t2){ref-type="table"}).

On the basis of the PCA performed on the relative proportions of *n*-alkanes, only for PC2 the best LMM model included the factor infection besides age ([Table 2](#t2){ref-type="table"}), while PC1 was influenced only by the age of the workers. Among the three peaks with high loadings on the PC2 ([Table 2](#t2){ref-type="table"}) for which infection proved to have a significant effect, two linear alkanes (*n*-C23 and *n*-C24) had significantly higher relative proportions in infected colonies, and this effect was significant for both young and old workers (LMM: *n*-C23 t ≤ −2.86, p \< 0.006; *n*-C24 t ≤ −2.25, p \< 0.028; [Fig. 3](#f3){ref-type="fig"}). In uninfected and infected colonies, changes in the third compound, *n*-C25, were only connected with the age of workers (LMM: t ≤ −3.09, p ≤ 0.003).

In the case of methyl-branched hydrocarbons, the PCA returned three components that were significantly explained by the factors tested. The best model for PC3 was explained by both infection and age, while PC1 and PC2 were only explained by age ([Table 2](#t2){ref-type="table"}). Only the 3-MeC23 showed a significant decrease ([Fig. 3](#f3){ref-type="fig"}) in the relative proportions of the infected colonies for both young (LMM: t = −2.28, p = 0.026) and old (LMM: t = −2.07, p = 0.043) workers.

The PCA on alkenes resulted in three PCs significantly explained by age only ([Table 2](#t2){ref-type="table"}).

When considering the relative proportion of alkanes, we found variations in the relative dispersion around the centroids for the four worker groups (F = 3.61, p = 0.030; [Fig. 4A](#f4){ref-type="fig"}). A significant increase of variability in the CHC profile was observed for the old workers depending on their infection status (mean Euclidean distance: old UI = 0.817 vs. old I = 1.378).

The methyl-branched alkanes also showed significant differences in the relative dispersion of the samples (F = 4.53, p = 0.010; [Fig. 4B](#f4){ref-type="fig"}). The fungal effect on the variability of methyl-branched alkanes was clear when comparing infected and uninfected workers regardless of their age (mean Euclidean distance: UI = 0.86 vs. I = 1.33) (F = 7.69, p = 0.010; [Fig. 4B](#f4){ref-type="fig"}). These differences were only marginally significant ([Fig. S2](#S1){ref-type="supplementary-material"}) when considering separate age classes both for young (mean Euclidean distance: young UI = 0.64 vs. young I = 1.16) and old workers (mean Euclidean distance: old UI = 0.88 vs. old I = 1.37).

This analysis was not performed for alkenes, since infection did not significantly affect either their abundance or their relative proportion.

Colony structure
----------------

The structure of the 18 assessed colonies was highly variable with regards to both worker number (mean no. of workers = 1298.89 ± 1104.03) and queen number (mean = 10.44 ± 16.39). The GLM analysis showed that larger colonies contained more queens (GLM: z = 11.37, p \< 0.001), while also infection had a significant, positive effect on the degree of polygyny (GLM: z = 5.013, p \< 0.001; [Fig. S3](#S1){ref-type="supplementary-material"}).

In the case of the 11 colonies genotyped we found significant heterozygosity excess, after Bonferroni correction, for all loci. With the exception of 3 colonies, the HWE hypothesis was rejected, but significant heterozygosity excess was found in 8 out of 11 colonies. Stuttering and possible null alleles were not detected for any of the loci with the exception of the MP67 locus. The genotypes of this locus were double checked. However, due to almost binomial character of this locus and the general lack of HWE in our data we decided not to correct for possible null allele effect[@b28].

Two parameters concerning the genetic structure of the colonies, namely the mean fixation index (*F*~*ST*~) and mean relatedness (Rel), did not differ significantly between infected and uninfected colonies. The F~ST~ was 0.13 for infected and 0.21 for uninfected colonies; (two-sided 10000 permutation test: p = 0.361), whereas Rel was 0.26 for infected and 0.43 for uninfected colonies (two-sided 10000 permutation test: p = 0.317). The pairwise *F*~*ST*~ values between colonies ranged from moderate to high (from 0.05 to 0.4), whereas the mean pairwise within colony relatedness value ranged from 0.1 to 0.7 in the studied colonies.

The effects of fungal infection on ant behaviour
------------------------------------------------

### a. Aggression assays between ant workers

No aggressive interactions occurred in the control experiments in which aggression between nestmates was tested; only neutral or positive behaviours were recorded. Aggression between non-nestmates was significantly lower when both ant workers were infected (I--I) in comparison to assays in which only one of the workers was infected (I--UI) or both were uninfected (UI--UI) (GLMM: z ≥ 2.47, p ≤ 0.034; [Fig. 5A](#f5){ref-type="fig"}). There was no significant difference between the two latter groups (I--UI vs. UI--UI) (GLMM: z = 0.64, p = 0.519).

### b. Acceptance of foreign ant queens

The aggression of workers towards foreign queens was significantly higher when both workers and queen came from uninfected colonies (UI--UI) compared to other trials (GLMM: z ≥ 3.27, p \< 0.001; [Fig. 5B](#f5){ref-type="fig"}). No differences were found among groups out of which at least one partner (queen and/or workers) was infected by the fungus (I--UI, UI--I, and I--I groups) (GLMM: z ≤ 1.34, p = 0.178).

When the aggression of queens towards workers was analysed, the UI--UI combinations also displayed significantly higher aggression than I--I combinations (GLMM: z = 2.72, p = 0.039), but there were no differences between groups in which at least one partner was infected (I--UI and UI--I groups) (GLMM: z ≤ 1.10, p = 0.267).

### c. Adoption of Maculinea caterpillars

Altogether 32 caterpillars were adopted during the experiments, while the rest were rejected (9) or undiscovered (22). Infected colonies adopted *Maculinea* larvae at a significantly higher proportion (Fisher's exact test: p = 0.042). Significant changes (e.g., higher rejection by uninfected) were recorded separately in *M. teleius* (Fisher's exact test: p = 0.050), whereas only marginally significant differences were found in *M. alcon* (Fisher's exact test: p = 0.056) ([Fig. S4](#S1){ref-type="supplementary-material"}). Regardless of the status of the ant colony, the adoption success of *M. alcon* was significantly higher than that of *M. teleius* (Fisher's exact test: p \< 0.001).

Infected ants adopted caterpillars at a significantly higher rate (Cox coeff = 1.055, χ^2^ = 4.63, p = 0.031; [Fig. 6](#f6){ref-type="fig"}). *Maculinea alcon* larvae were adopted at a significantly higher rate than *M. teleius* (Cox coeff = −1.27, χ^2^ = 17.52, p \< 0.001). The interaction of the ant infection status with the species of the caterpillar was not significant (Cox coeff = −0.75, χ^2^ = 0.87, p = 0.350).

There were no significant differences in inspection indices of workers discovering the caterpillars according to the ants' infection status (GLMM: χ^2^ = 0.1, p = 0.743). The inspection indices did not differ between the two *Maculinea* species (GLMM: χ^2^ = 2.23, p = 0.135), and the interaction between the infection status of the ants and the species of the caterpillar was also not significant (GLMM: χ^2^ = 0.001, p = 0.990).

Discussion
==========

Our findings indicated that the cues used for nestmate discrimination in *M. scabrinodis* ants were affected by the infection of the ectoparasitic fungus *R. wasmannii*. The CHC profiles of infected workers showed differences in relative proportions of linear and methyl-branched alkanes, and also higher variability, than in uninfected individuals, probably resulting in reduced foe discrimination abilities. Fungus-infected workers were thus less aggressive towards non-nestmates and unrelated queens. As a consequence, chemical and behavioural variations induced by the fungus strengthen the infiltration chances of 'intruders', making it easier for strangers (both social parasites and foreign queens) to gain acceptance into the colony ([Fig. 7](#f7){ref-type="fig"}). Therefore, fungal infection, through induced behavioural modifications in individual ants, could affect the fitness of the whole society either positively by (i) increasing genetic heterogeneity, and, implicitly, colony lifespan through higher degree of polygyny, and/or negatively by (ii) decreasing brood quantity through the higher acceptance rate of socially parasitic *Maculinea* larvae. Some of these changes are consistent with the fungus' need to increase its reproductive and dispersal success, since successful adaptation to hosts with different genetic background, paired with potentially increased colony lifespan, could assist the long-term persistence of the fungus in an invaded host population. In addition, the reduced aggression towards infected queens by uninfected workers could also contribute to the queen's successful penetration in the new host colonies.

In ants, cuticular compounds play several crucial roles, protecting the animal from water loss and acting as signalling cues primarily as part of the nestmate recognition system[@b1][@b13]. While uninfected individuals shared a very similar CHC mixture, old infected workers showed much more quantitatively diversified CHC compounds and different proportions of particular linear alkanes and methyl-branched hydrocarbons. According to our findings, these kinds of differences in the CHC profiles cannot be attributed to genetic variation between infected and uninfected colonies, thus the presence or absence of the fungus seems to remain the only plausible explanation.

In general, the presence of fungal parasites can be linked to behavioural, mechanical, biochemical or even to physiological changes in ants[@b29][@b30][@b31][@b32]. Recently, it was demonstrated that *R. wasmannii* has an influence on the physiology of *M. scabrinodis*, and infected ants in particular spent significantly more time consuming water than uninfected ones[@b18]. Since the primary function of CHCs is to prevent insect desiccation[@b1][@b15], a modification in the abundances and mixture of epicuticular hydrocarbons could increase water loss, thus inducing the higher intake of water observed in infected individuals. Nonetheless, the modification of the CHC composition has the most significant impact on ant recognition abilities. We observed a higher variability in relative proportions of linear and methyl-branched alkanes in old, infected workers, which also correlates with the age-related progress of infection, as old workers are the most infected ones[@b33]. If we interpret our result in terms of Reeve's[@b34] adjustable threshold model, in *Myrmica scabrinodis* colonies infected by *R. wasmannii* the chemical template gets broader, inducing the infected workers to move towards a more tolerant overall template. Therefore, more acceptance errors will occur in infected colonies than in uninfected colonies. This is consistent with results obtained from our behavioural observations, according to which the aggression level was interpreted as a proxy for acceptance towards non-nestmates. During encounters between non-nestmates which were infected by *R. wasmannii*, the level of aggression decreased compared to encounters in which at least one partner was uninfected, whereas aggression peaked between uninfected non-nestmate workers. This clearly cannot be attributed to any influence of the infection on the general activity of hosts, as recently demonstrated by Csata *et al*.[@b33]. Bos *et al*.[@b35], on the other hand, demonstrated that fungal infection by *Metarhizium brunneum*, which does not modify the CHC profile of hosts, increased the level of aggression towards non-nestmates. One possible explanation for the difference between the outcomes of our study and that of Bos *et al*.[@b35] lies in the differences in fungus virulence and host specificity. While *M. brunneum* is a virulent and generalist entomopathogen that kills its hosts quickly[@b8], *R. wasmannii* is confined to *Myrmica* ants, and inflicts only small damages to its hosts[@b18][@b19][@b36]. For *R. wasmannii*, which reproduces by spore transmission among ants, it would be more advantageous to make ants amiable and sociable, thus increasing the frequency of social interactions such as allogrooming, which could efficiently spread the spores. Increased allogrooming indeed occurs more often in *R. wasmannii* infected colonies, as demonstrated by Csata *et al*.[@b19].

Making the CHC template used by ants to recognize nestmates broader and less specific also causes a lower level of aggression between infected *Myrmica* workers and unrelated queens. These findings imply that infected colonies could be more open for polygyny, as new queens would be accepted more easily regardless of their infection status. Our data on colony structure indicated that, indeed, infected colonies contain more queens than uninfected colonies. We do not have any data on the effect of *R. wasmannii* on queen fecundity and longevity, but we can presume that, as in the case of workers[@b19], fungus infection may decrease life expectancy of queens as well, resulting in higher queen turnover in infected colonies compared to uninfected ones. With ants, the colony foundation success of individual queens is generally around 2% or less[@b14]. Paradoxically, for a young queen in a population in which some part of the colonies is infected, fungus infection can consequently be beneficial. Even if some life history parameters may decrease due to fungal infection, the reproduction chances due to being successfully adopted by an unrelated colony can be considerably higher when meeting an infected colony. Furthermore, it seems beneficial for the fungus, as it can spread horizontally through workers inside the same colony, but it can also be transmitted vertically by adoption of young infected queens into existing colonies, coming from the same population or even neighbouring populations. According to Hughes *et al*.[@b36], we could consider the ant colony rather than the ant individuals as host to *R. wasmannii* where the fungus exploits ant workers and gynes to spread among hosts.

Previous studies also reported modifications in cuticular profiles of organisms in the presence of parasites. In the honey bee/*Varroa* system, a higher production of cuticular hydrocarbons by parasitized compared to unparasitized adult honey bees was observed, while the cuticular profile of parasitized larvae contained higher relative proportions of two unsaturated hydrocarbons, than unparasitized larvae[@b37]. Modifications in the synthesis/release of 13 CHCs (six *n*-alkanes, five monomethylalkanes, and two dimethylalkanes) were also detected in the CHC profile of the ant *Temnothorax nylanderi* after the infection by the endoparasitic tapeworm *Anomotanoa brevis*, probably explaining the occasional aggressions which the parasitized ants suffer in their own society[@b38].

Likewise, in our study we observed a clear effect of *R. wasmannii* infection on two consecutive linear alkanes, *n*-C23 and *n*-C24, which were found in higher relative proportions, and a methyl-branched hydrocarbon, the 3-MeC23, which was negatively affected by the infection. While *n*-C24 represents 1--2% on the overall proportion of cuticular hydrocarbons, *n*-C23 and 3-MeC23 contribute to 25--30% of the chemical profile of workers, suggesting a considerable impact of the fungus on the CHC profile. It is worth noting that these changes are already evident in the chemical profile of young workers, suggesting that the fungus may begin to act even if a few thalli are present on the ant cuticle.

*Rickia wasmannii* infection not only influences intraspecific interactions but it also affects *M. scabrinodis*' relationships with other organisms, such as socially parasitic *Maculinea* butterfly larvae, which rely on chemical mimicry to get accepted into the host colony[@b22][@b23][@b26]. If we consider that the chemical profile of newly moulted fourth-instar larvae of all European *Maculinea* species have a simple combination of linear alkanes[@b22], we can assume that their adoption may be favoured when encountering *M. scabrinodis* infected foragers (which are all old individuals), less aggressive and characterized by a higher proportion of one or more linear alkanes[@b39]. Moreover, in a recent study[@b40] *n*-C23 and *n*-C24 were shown to represent common hydrocarbons to all cuticular extracts of both IV instar parasitic larvae of *Maculinea nausithous* and its host ant, *Myrmica rubra*, with *n*-C24 being much more abundant in ant brood extracts and able to promote the first contact of *Maculinea nausithous* with *Myrmica rubra* foragers[@b40].

According to previous studies[@b22][@b23] the quick retrieval of *Maculinea* larvae is supposedly mediated only by the chemical mimicry of surface hydrocarbons on the epicuticle of *Myrmica* workers. Cuckoo larvae, as *Maculinea alcon*, are commonly retrieved in just a few minutes due to higher degree of chemical similarity to their host ants[@b23]. On the other hand, the retrieval of predatory larvae, such as *M. teleius*, can take much longer[@b41]. It has been hypothesised that *M. teleius* larvae must exhibit more complex behaviours of adoption, including production of vibroacoustic signals[@b27] in order to compensate for the lack of a sophisticated chemical mimicry. Nevertheless, infection of the *Myrmica* host ants by *Rickia wasmannii* seems to assist the adoption of *Maculinea* larvae regardless of their species. Moreover, this effect seems to be quite strong for *M. teleius*, for which the rejection rate of the larvae was higher in uninfected colonies whose discrimination abilities were not compromised by the fungus.

It is important to point out that even though the presence of *R. wasmannii* affected the CHC compositions, we also detected changes in the chemistry of ant cuticles which were age-dependent. Old workers (foragers) have higher proportions of *n*-alkanes and lower proportions of branched alkanes than young ones (mostly nurses), similarly to what is known in other ant species, such as *Pogonomyrmex barbatus*[@b42] and *Formica exsecta*[@b43].

The scanty knowledge available on the feeding strategy of *R. wasmannii* allows only speculations about the mechanism used by the fungus to modify the ant surface chemistry. However, it is fair to assume that solely by attaching to the cuticle it could change the hydrocarbon profile of its host either by downgrading or by adding components[@b32][@b44][@b45]. On the other hand, the fungus could also hinder non-nestmate recognition by physically blocking the access of the antennae to the surface of the cuticle or, in advanced cases, even by residing on the antenna. Whatever the mechanism, physical or chemical, in infected colonies the intensity of infection is highly variable. Some individuals, mostly old ones, are covered entirely with fungi, while others, mostly young ones, have only a few or no thalli[@b12]. Therefore, in infected colonies considerable variation can be expected in sensory detection, and for this reason the acceptance thresholds in infected and uninfected colonies may differ.

Our findings indicated that fungal infection can modify intraspecific behaviour of ants and their interactions with other organisms. Thus, the presence of pathogens can change the outcomes of these interactions and influence the fitness of both the host and its guests. Host behavioural modifications are most probably the result of changes in the discrimination abilities of infected ants, although the precise mechanism responsible for this has not yet been investigated. As suggested by our results, the consequences of parasitic relationships in social contexts could be manifold. Whereas usually changes in individual behaviour are considered, as e.g. the extended phenotype syndromes caused by fluke worms[@b8] and *Ophiocordyceps* fungi[@b11], we suggest that certain parasites might cause alterations even in the social structure of colonial organisms by making it more susceptible to accept non-kins and other social parasites.

Materials and Methods
=====================

Study species and site
----------------------

Experimental *Myrmica scabrinodis* ant colonies, both infected (I) and uninfected (UI), *M. scabrinodis* queens, and socially parasitic *Maculinea* caterpillars were collected from the same grassland area (46.92N, 23.73E, 410--460 m a.s.l., Romania). The colony-level prevalence of the ectoparasitic fungus *Rickia wasmannii* was more than 50% in the *Myrmica scabrinodis* population, while the within-colony prevalence reached 100% in certain colonies[@b12]. This fungus, like other Laboulbeniales, has no mycelium and its thallus develops from a bicellular ascospore attached to the outer layer of the host cuticle[@b46]. The fungal infection status of the ants was assessed in the field and confirmed in the lab using an Olympus SZ51 stereomicroscope.

Analyses of cuticular hydrocarbon profiles
------------------------------------------

Altogether 6 uninfected and 6 infected *M. scabrinodis* colonies were brought to the laboratory for the analysis of the CHC profiles. Since CHCs can change during insect maturation[@b47] both young and old workers were selected randomly from their colonies on the basis of their cuticular pigmentation[@b48]. For each colony, 5 workers per age category were pooled into a clean glass vial and their CHCs were solvent-extracted using 200 μl of hexane (Sigma) for 20 min after having been weighed. Three replicates were performed for each age class per colony. The extracts were then stored at −20 °C until analysis. Then, workers were dried at 60 °C for 5 days and their dry mass was weighed individually to the nearest 0.0001 mg with an ultra-microbalance (Sartorius SC2).

Prior to chemical analyses, 800 ng of *n*-eicosane (*n*-C~20~; Sigma E-9752) were added to each extract as an internal standard. Samples were then evaporated under a nitrogen flow before being suspended in a final volume of 20 μl of heptane (Sigma). Two μl of each sample were analysed in an Agilent 7890B gas chromatograph coupled with an Agilent 7000C mass spectrometer using a Gerstel MPS autosampler. The GC was equipped with a capillary column 30 m × 250 μm × 0.25 μm (Zebron ZB-5HT INFERNO) using helium as carrier gas at a flow rate of 1 ml/min. Initial program temperature was 70 °C and ramped at 30 °C/min to 150 °C. It was then increased to 320 °C at a rate of 5 °C/min and held for 10 min at 320 °C. Splitless injection (2 mins) was performed with the injector maintained at 280 °C. Mass spectra were acquired in full scan mode every 0.3 s with a scan lapse of 0.1 s over a range of 0 to 600 amu. Electron impact was setup at 70 eV. Mass spectra were analysed by compiling previous publications and comparing fragmentation patterns[@b49] with the help of injections of standard series of *n*-alkanes (Fluka, 94234) for calibration. The chromatograms were manually integrated to calculate the area of each peak of interest using the proportion of the sum over the area of all peaks[@b50]. We also calculated the quantity of CHCs (ng/mg of ant) per worker as a sum of the areas of all the peaks divided by the peak area of the internal standard (*n*-C~20~) and multiplied by 800 (quantities in ng of the internal standard per sample); the resulting value was divided by the weight of the 5-ant sample.

Colony structure
----------------

The structure of colonies used for CHC analyses (with the exception of 1 uninfected) was examined by using microsatellite loci in order to determine whether there were genetic differences between infected and uninfected colonies that could be responsible for any differences in the CHC profiles. In total, 220 individuals from 11 colonies (20 individuals from each) were genotyped; 6 infected and 5 uninfected colonies. In each case the whole colony was collected from the field and workers and queens were counted. In addition to the colonies sampled for DNA analysis we also counted the workers and queens in 3 infected and 4 uninfected colonies. We isolated genomic DNA from the thorax and legs of workers using the Chelex 100 method[@b51]. Workers were assayed at eight microsatellite markers: Myrt4[@b52], MP 67, MP 84[@b53], Msca 43, Msca 47, Msca 64, Msca 78[@b54], and Msca1[@b55]. Two sets of multiplex reactions were used with the forward primers labelled with WellRed Dyes D2, D3 and D4 (multiplex 1 -- D2: Msca 43; D3: Msca 64, Msca 78; D4: Msca 47; multiplex 2 -- D2: MP 84; D3: Myrt 4, Msca 1; D4: MP 67). The PCRs were performed in a total volume of 10 μl composed of 10 ng of DNA template, 0.2 μM of each primer, 5 μl of Multiplex PCR Master Mix (Qiagen) and water. For PCR amplification, a thermal cycler (Applied Biosystems) was used with the following PCR profile: initial denaturation at 95 °C for 15 min (hot start), 40 cycles of 30 s at 94 °C, 90 s at 63 °C (first multiplex) and 60 °C (second multiplex), 90 s at 72 °C, followed by a final elongation step at 72 °C for 10 min. PCR products were genotyped on a CEQ 8000 DNA fragment analyser (Beckman Coulter) and genotypes were scored using the fragment analysis software CEQ^TM^.

Behavioural assays
------------------

Experimental *Myrmica scabrinodis* ant colonies, both infected (I, N = 21) and uninfected (UI, N = 11) were kept in a laboratory in plastic boxes (16 × 10 × 5 cm) with a wet foam brick under controlled conditions (20 °C, 12 L:12D cycle) with a daily food mixture of sugar and proteins[@b56].

### a. Aggression assays between workers

Aggressiveness of workers was tested after four days of acclimatization under laboratory conditions. Ants from 21 infected and 11 uninfected colonies were used in this experiment. As a control, workers from four infected (I) and four uninfected (UI) colonies were used to test the aggressiveness at the intracolonial level. Six repetitions were performed for each tested colony, thus altogether 48 tests were carried out. Only old workers were selected for the purpose of the experiment, since they are mostly located in the periphery of the nest, and are the only which forage outside, thus having the chance of coming across potential intruders, and constituting the first line of colony defence. Therefore, by default their non-kin discrimination ability should be more formed. Selection of old workers was carried out on their within-nest location (in the arena), and on the basis of their cuticular pigmentation, which is traditionally used for age class estimation in *Myrmica* workers[@b48]. All ants coming from one particular colony were marked on the thorax with the same colour of fast-drying acrylic paint (Paint Royal Talens: ArtCreation essentials). To allow the ants to recover from marking, they were kept in Petri dishes for 30 minutes. Aggression assays were carried out with the use of two connected transparent plastic tubes (3 cm long), which were first separated by a small piece of red plastic foil. A single *Myrmica* worker was placed in each tube. Ants were allowed to acclimatize for one minute before the red plastic foil was removed. After each assay, the plastic tubes were rinsed with ethylic alcohol (98°), and with water, then wiped, and left to dry for at least 20 minutes. Assays were carried out with both infected and uninfected *Myrmica* workers with three replications per treatment (new individuals were used for each test). Altogether, 111 aggression tests were performed in a randomized order with 3 combinations: infected vs. infected (I--I, N = 39), infected vs. uninfected (I--UI, N = 57) and uninfected vs. uninfected (UI--UI, N = 15). The observations started from the first contact of the workers and lasted for three minutes. All interactions were recorded and categorized as: (1) allogrooming, (2) antennation, (3) frightened off, (4) mandible gaping, (5) biting, (6) dragging, and (7) stinging. Allogrooming was considered as positive event, antennation was considered neutral, and the last five behaviours were considered aggressive. An aggression index (AI) for each encounter was calculated as: AI = the total number of aggressive behaviours divided by the total number of interactions[@b57].

### b. Queen acceptance assays

The queen acceptance experiments were carried out concurrently with aggression assays. Twenty-four old workers were collected per colony and put into a small plastic box (5 × 5 × 4 cm) with coated rims using paraffin to prevent ants from escaping. A wet foam brick was added to serve as a nest. Workers were kept in boxes for 24 hours prior to the experiments. Functional, old queens were separated from their original colonies five hours before being introduced into new colonies. During this time, they were kept in Petri dishes with a wet sponge. A single queen was introduced into each experimental colony. The queen was placed in a plastic tube connected to the plastic nest box from where she could freely enter the arena. The observations began with the first contact between the queen and the workers and lasted 15 minutes. All behavioural events, displayed separately by workers and queens, were recorded, and an aggression index (AI) as described above was calculated. The following combinations were tested according to the infection status of the workers and queens: acceptance of infected queens by (a) 10 infected (I~workers~ − I~queen~) and (b) 10 uninfected (UI~workers~ − I~queen~) colonies, and acceptance of uninfected queens by (c) 9 infected (I~workers~ − UI~queen~) and (d) 8 uninfected (UI~workers~ − UI~queen~) colonies.

### c. Maculinea adoption assays

To assess whether there are differences in the adoption rate of *Maculinea* caterpillars between infected and uninfected *Myrmica scabrinodis* colonies, we chose caterpillars of two co-occurring *Maculinea* species *M. alcon* (the '*pneumonanthe*' ecotype) and *M. teleius*; two species with different feeding strategies and for which *Myrmica scabrinodis* is a primary host of the population under study[@b58][@b59]. *Maculinea alcon* and *M. teleius* larvae of pre-adoption stage were obtained by collecting their host plants, *Gentiana pneumonanthe* and *Sanguisorba officinalis*, respectively. Shoots were collected from the end of June until the middle of August and kept in the laboratory in water for 2--3 weeks until the caterpillars reached their pre-adoption maturity and fell off the host plant. Altogether, 63 caterpillars of *Maculinea* forms were used during the experiments: 31 *M. alcon*, and 32 *M. teleius* larvae. Thirteen infected and 9 uninfected *Myrmica scabrinodis* colonies were collected from the field. No *Maculinea* larvae were present in these colonies. They were then divided into 31 and 32 queen-less sub-colonies, each containing 50 workers in addition to 10--15 ant larvae and pupae. Ants were kept in transparent plastic boxes (16 × 10 × 5 cm) under the abovementioned laboratory conditions for at least a week prior the experiment.

*Maculinea* caterpillars were divided between infected and uninfected ant sub-colonies as follows: 15 vs. 16 for *M. alcon*, and 16 vs. 16 for *M. teleius* larvae, respectively. A single fourth-instar larva of *Maculinea* was presented to each ant sub-colony. The caterpillar was placed into the plastic box at the position opposite to the ant shelter. The time elapsed from the introduction of the caterpillar until its discovery by ants and its transportation to the shelter was recorded on a minute by minute basis for 120 minutes. Caterpillars were considered adopted when they were introduced into the nest by workers, whilst those discovered but not introduced into the nest were regarded as rejected. The behaviour of ants toward the caterpillar was also recorded and categorized as follows: (1) antennation, (2) licking the larval secretions and (3) picking up the caterpillar. Antennation is considered neutral behaviour in ants that is also connected to foe discrimination. Therefore, an inspection index was calculated for each caterpillar separately as: the number of antennation events divided by the sum of all behavioural events recorded between ants and caterpillar.

Statistics
----------

### a. Cuticular hydrocarbon profiles

The differences among the four groups (young I, young UI, old I, old UI) with regards to the total proportion of linear alkanes, methyl branched alkanes, and alkenes were tested with a linear mixed model (LMM, maximum likelihood fit) with colony ID as a random factor. The same analysis was carried out separately on the concentrations (ng/mg) of the linear alkanes, methyl-branched alkanes, alkenes, and the overall CHC profile.

Considering that the 3 classes of CHCs that compose the cuticular profile of *M. scabrinodis* workers may convey different information, we reduced the number of variables by performing separate Principal Component Analyses (PCA based on correlations, varimax rotation) on linear alkanes (9 variables), methyl-branched alkanes (13), and alkenes (13). We excluded 2 compounds (*n*-C28 + unknown and *n*-C30 + unknown) for which the CHC class was not clearly identified. For each analysis, we retained the principal components with eigenvalues ≥1. LMMs (maximum likelihood fit) were used to investigate the effect of age and infection, and their interaction, on each retained principal component, including the colony ID as a random factor. Best models were selected based on the lowest Akaike's information criterion (AIC) values. The same procedure was applied to both transformed relative proportions and overall concentrations using ln(x + 1) formula. From the principal components for which an effect of the infection was discovered, we selected CHC peaks with correlation coefficients ranging between 0.6 and 1 (absolute values). We then tested whether the proportions and concentrations of those CHC peaks were influenced by infection and by age using LMMs (maximum likelihood fit), including the colony ID as a random factor. To compare the within-group data dispersion, non-Euclidean distances between objects and group centroids were handled by reducing the original distances to principal coordinates. To test for significance, we used F-tests based on sequential sums of squares obtained from permutations of the principal component scores (99 permutations). A set of confidence intervals on the differences among the mean distance-to-centroid of the levels of the grouping factor with the specified family-wise probability of coverage were created. The intervals were based on the Studentized range statistic, Tukey's 'Honest Significant Difference' method.

LMMs and PCA were carried out with SPSS 21 (IBM). Differences in dispersion of CHC profiles between I and UI ants were analyzed with R v. 3.2.5 (R Development Core Team) using the *betadisper* and *TukeyHSD. betadisper* functions in the *vegan* package[@b60], a multivariate analogous of the Levene's test for comparing group variances[@b61]. The graphs were carried out using the *ggplot2* R package[@b62].

### b. Colony structure

The effect of colony size (no. of workers) and fungal infection on the number of queens was analysed using a generalized linear model approach (GLM, Poisson error, maximum likelihood fit) with number of workers as input variable and fungal infection as fixed factor.

The genotyped data were checked for amplification errors and presence of null alleles using Micro-checker Version 2.2.3[@b63]. The conformance with Hardy-Weinberg expectations (HWE) was calculated in Genepop on the Web (v.4.2)[@b64] using an exact probability test (Markov chain parameters: 10000 dememorizations, 100 batches, 1000 iterations per batch) with Bonferroni correction, followed by a heterozygosity excess test with same parameters due to found deviation from HWE. Fixation index (F~ST~) and mean pairwise within colony relatedness (Rel; mean across all loci and colony with correction for sample size) were calculated for groups (infected and uninfected colonies), and tested regarding their differences with a two-sided 1000 permutation test in FSTAT (v.2.9.3)[@b65]. We calculated mean pairwise within colony relatedness for each colony according to the algorithm of Queller and Goodnight[@b66] in Kingroup[@b67], with allele frequency calculated from the whole dataset, to confirm the results obtained.

### c. Behavioural assays

Worker-worker and worker-queen aggression indices were analysed using a generalized linear mixed model approach (GLMM, binomial error, maximum likelihood fit) with the colony ID as a random factor and with different fixed factors: I--I, I--UI and UI--UI for the worker aggression experiment and I~w~--I~q~, I~w~--UI~q~, I~q~--UI~w~, UI~w~--UI~q~ for worker-queen interactions. Inspection indexes resulting from the *Maculinea* adoption experiments were analysed with GLMM (binomial error, maximum likelihood fit) with the ant colony ID as a random factor and with different fixed factors: the infection status of the workers, the caterpillar species and their interactions. Only caterpillars discovered within 120 minutes were considered if at least one ant-caterpillar interaction occurred (N = 41). For the *Maculinea* adoption success the proportion of adopted, rejected and undiscovered caterpillars was compared with Fisher's exact test between I and UI and colonies, and then separately for each species.

*Maculinea* adoption rates were analysed with a Cox regression approach with mixed effects (Efron approximation, N = 63 caterpillars). The time elapsed until the adoption of the caterpillar was included as a dependent variable, whereas the infection status of the ant colony and the butterfly species and their interaction were included as dummy variables. Initial ant colony ID was included as a random factor to handle dependencies.

All statistics were performed using R (v. 3.1.2, R Development Core Team). For Cox regression analyses the *coxme* function in the *coxme* package[@b68] was used, while GLM and GLMMs were performed using *glm, glmer* and *glmer.nb* functions in the *lme4* package[@b69]. *Relevel* function was used in order to carry out sequential comparisons among factor levels when performing Cox regressions and GLMM analyses. Table-wide sequential Bonferroni-Holm correction revealed the exact significance levels among different factor levels in these cases, and also in the case of pairwise Fisher's exact tests. The graphs were carried out using the *ggplot2* R package[@b62].

Data availability
-----------------

Data available from the Dryad Digital Repository: [http://dx.doi.org/ 10.5061/dryad.dt226](http://dx.doi.org/%2010.5061/dryad.dt226)[@b70].
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![Relative proportions (±SE) of different CHC classes (alkanes, branched alkanes and alkenes) extracted from the body surface of young and old *M. scabrinodis* workers from uninfected and infected colonies.\
Bars with different letters are statistically different according to LMM pairwise comparisons.](srep46323-f2){#f2}

![Mean relative proportions (±SE) of specific CHCs of young and old *M. scabrinodis* workers from infected and uninfected colonies.\
These specific CHCs were pointed out by the principal component analyses for which a fungal effect was detected. Bars with different letters are statistically different according to LMM pairwise comparisons.](srep46323-f3){#f3}

![Principal component analysis plots of the CHCs extracted from young and old *M. scabrinodis* workers from uninfected and infected colonies: (**A**) linear alkanes (based on the first and second principal components), and (**B**) methyl-branched alkanes (based on the first and third principal components).](srep46323-f4){#f4}

![Aggression indices (**A**) between *M. scabrinodis* workers of different infection status, and (**B**) between *M. scabrinodis* workers (w) and queens (q) of different infection status: I -- infected by *R. wasmannii*, UI -- uninfected (median, quartiles, min-max values).](srep46323-f5){#f5}

![Estimated functions for Cox regression of the adoption time for *Maculinea* caterpillars by ant colonies of different infection status with the point-wise 95% confidence interval for the corresponding functions.](srep46323-f6){#f6}

![Summary of the experimental setup and the findings of the study.\
The thickness of arrows correlates with the degree of acceptance by ant colonies of different infection status (drawing by Natalia Timuş).](srep46323-f7){#f7}

###### Cuticular hydrocarbons of *Myrmica scabrinodis* with their relative proportion (±SEM) depending on their infection status (infected/uninfected) or their age classes (young/old).

  Peak       Hydrocarbon       Relative proportion (±SEM)        F       Infection effect   Age effect                      
  ------ -------------------- ---------------------------- ------------- ------------------ --------------- --------------- ---------------
  1            *n-*C21                0.65 (±0.41)             1.80      ---                ---             ---             ---
  2            3-MeC21                0.60 (±0.34)             0.32      ---                ---             ---             ---
  3            *n-*C22                0.71 (±0.27)             0.64      ---                ---             ---             ---
  4            3-MeC22                0.58 (±0.22)             0.50      ---                ---             ---             ---
  5            X-C23:1                1.09 (±0.21)          7.84\*\*\*   −0.87              1.20            0.75            ↓4.79\*\*\*
  6            *n-*C23               12.71 (±1.81)          12.07\*\*\*  ↑ −2.86\*\*        ↑ −3.61\*\*\*   ↑ −2.80\*\*     ↑ −4.05\*\*\*
  7            7-MeC23                0.14 (±0.10)             0.14      ---                ---             ---             ---
  8            5-MeC23                0.06 (±0.03)            2.85\*     −0.89              −0.67           ↑ −2.23\*       −1.70
  9            3-MeC23               15.21 (±1.21)          10.23\*\*\*  ↓2.28\*            ↓2.07\*         ↓3.69\*\*\*     ↓3.25\*\*
  10           X-C24:1                0.29 (±0.11)             0.57      ---                ---             ---             ---
  11           X'-C24:1               0.02 (±0.03)             0.97      ---                ---             ---             ---
  12           *n-*C24                1.12 (±0.24)            2.70\*     ↑ −2.49\*          ↑ −2.25\*       0.41            0.71
  13           8-MeC24                0.51 (±0.24)             1.64      ---                ---             ---             ---
  14          X,Y-C25:2               0.11 (±0.05)             1.09      ---                ---             ---             ---
  15           4-MeC24               16.06 (±4.65)           4.66\*\*    0.51               1.41            0.99            ↓3.77\*\*\*
  16         X',Y'-C25:2             35.17 (±3.95)             0.75      ---                ---             ---             ---
  17           X-C25:1                2.05 (±0.42)             0.52      ---                ---             ---             ---
  18           X'-C25:1               0.13 (±0.06)             2.08      ---                ---             ---             ---
  19           *n-*C25                6.44 (±0.82)          8.16\*\*\*   −1.69              −1.93           ↑ −3.092\*\*    ↑ −3.26\*\*
  20           5-MeC25                0.62 (±0.32)          18.92\*\*\*  −1.69              −0.68           ↓3.00\*\*       ↓6.81\*\*\*
  21           3-MeC25                1.94 (±0.41)           4.76\*\*    0.80               1.04            ↓2.36\*         ↓2.79\*\*
  22        5,17 di-MeC25             0.11 (±0.06)             1.64      ---                ---             ---             ---
  23           *n-*C26                0.12 (±0.05)             0.58      ---                ---             ---             ---
  24         3,9-diMeC25              0.09 (±0.05)             0.15      ---                ---             ---             ---
  25          X,Y-C27:2               0.08 (±0.07)             2.61      ---                ---             ---             ---
  26           X-C27:1                0.10 (±0.04)             1.64      ---                ---             ---             ---
  27           X'-C27:1               0.85 (±0.20)             1.35      ---                ---             ---             ---
  28           *n-*C27                0.57 (±0.13)           5.23\*\*    1.58               1.54            ↑ −2.53\*       ↑ −2.43\*
  29        C28 + unknown             0.03 (±0.01)            3.17\*     0.13               −2.62\*         −1.61           −0.50
  30           X-C29:1                0.43 (±0.26)            3.86\*     0.88               1.29            ↑ −2.65\*\*     −1.77
  31           *n-*C29                0.49 (±0.19)          11.87\*\*\*  0.99               1.39            ↑ −4.55\*\*\*   ↑ −3.62\*\*\*
  32      15-, 13-, 11-MeC29          0.15 (±0.10)             2.02      ---                ---             ---             ---
  33         5,17-diMeC29             0.14 (±0.11)            2.76\*     −0.46              0.16            0.81            ↓2.75\*\*
  34        C30 + unknown             0.02 (±0.01)             0.78      ---                ---             ---             ---
  35           X-C31:1                0.40 (±0.24)           4.47\*\*    0.93               1.75            ↑ −2.92\*\*     −1.58
  36           X'-C31:1               0.05 (±0.03)            2.78\*     1.06               1.06            −1.83           1.06
  37           *n-*C31                0.15 (±0.09)          8.61\*\*\*   0.49               0.91            ↑ −3.97\*\*\*   ↑−3.07\*\*

*t*-values are represented when a significant difference was observed, with "↓" and "↑" that refer to decrease or increase of the examined CHC between groups. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001.

###### Results of the LMM models on the principal components obtained by PCA analyses of the abundances and the relative proportions of CHCs.

                             Components (% variance)       Age                             Infection                                                            Compounds with component loadings ≥0.6
  ------------------------- ------------------------- ------------- -------------------------------------------------------- -------------------------------------------------------------------------------------------------------------
  **Abundance**                                                                                                              
  Linear alkanes                    PC1 (77%)            6.51\*                            3.84^(\*)^                                       *n*-C21, *n*-C22, *n*-C23, *n*-C24, *n*-C25, *n*-C26, *n*-C27, *n*-C29, *n*-C31
  Methyl-branched alkanes           PC2 (31%)          30.51\*\*\*                         3.81^(\*)^                                                             3-MeC23, 4-MeC24, 5-MeC25, 3-MeC25
  Linear alkenes                    PC1 (57%)           9.49\*\*                          11.09\*\*\*                         X-C23:1, X-C24:1, X,Y-C25:2, X',Y'-C25:2, X-C25:1, X,Y-C27:2, X-C27:1, X'-C27:1, X-C29:1, X-C31:1, X'-C31:1
  **Relative proportion**                                                                                                    
  Linear alkanes                    PC1 (33%)          21.37\*\*\*                            ---                                                                 *n*-C26, *n*-C27, *n*-C29, *n*-C31
  PC2 (24%)                        14.59\*\*\*         11.94\*\*\*                 *n*-C23, *n*-C24, *n*-C25                 
  Methyl-branched alkanes           PC1 (30%            9.58\*\*                              ---                                                             3-MeC21, 3-MeC22, 7-MeC23, 5-MeC23, 8-MeC24
  PC2 (28%)                        12.63\*\*\*             ---       5-MeC25, 3,9-diMeC25, 15-, 13-, 11-MeC29, 5,17-diMeC29  
  PC3 (12%)                        28.76\*\*\*          8.85\*\*                   3-MeC23, 4-MeC24, 3-MeC25                 
  Linear alkenes                    PC1 (25%)           8.27\*\*                              ---                                                                X'-C27:1, X-C29:1, X-C31:1, X'-C31:1
  PC3 (13%)                          6.87\*                ---                         X'-C24:1, X'-C25:1                    
  PC4 (11%)                        15.91\*\*\*             ---                         X-C23:1, X,Y-C25:2                    

Only PCs explained by age, infection or both factors (retained by the best LMM models) are shown. F-values of the infections status and the age class are reported, as well as the variance explained by each PC. The CHCs whose component loadings resulted to be higher than 0.6 are also listed. (\*)p = 0.055, \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001.

[^1]: These authors contributed equally to this work.
